The addition of charcoal to soils can distinctly alter the soil's physical and chemical properties. such effects occur in soils deliberately amended with charcoal ("biochar") and as a land use legacy in historic charcoal hearth sites. One aspect of soil property modification induced by charcoal addition that has rarely been studied is the effect on soil temperature and thermal properties. The objective of this study was to characterize the soil temperature regime of a relict charcoal hearth (rCH) site compared with a reference forest soil. soil temperatures were monitored at three depths in two profiles over a period of 1 yr. samples from both profiles were analyzed to characterize the bulk density, soil organic matter (sOM) content, charcoal content and thermal conductivity of the soils. The monitoring results reveal distinct differences between the temperature regimes of the profiles, with the rCH soil exhibiting higher daily and seasonal temperature variations at a depth of 15 cm but lower variations at a depth of 80 cm than the reference soil. The laboratory results show that these differences are related to a clearly lower thermal conductivity in the rCH soil, which is associated with the low bulk density and high contents of sOM. The results confirm that charcoal addition can clearly affect soil temperature, and they show that the effects can propagate beyond the charcoal-amended soil horizons. The observed modifications in the soil temperature regime might contribute to several poorly understood effects of charcoal addition on biogeochemical processes in soils.
T he incorporation of charcoal fragments into soils can cause distinct modifications of the soil physical and chemical properties. Charcoal admixture in soils has been shown to affect soil bulk density, aggregation, water retention and other physical and chemical properties, therefore exerting positive effects on plant growth, which are deliberately exploited in historic and recent land use practices using charred organic matter ("biochar") as a soil amendment (Lehmann and Joseph, 2015; Wiedner and Glaser, 2015) . The effects of charcoal addition to soils also occur as land use legacies in areas with abundant relict charcoal hearths (RCHs). Relict charcoal hearths are widespread remains of historic forest use in many regions, and soils on such sites show distinct differences from the surrounding forest soils. The RCH soil profiles are most prominently characterized by a dark gray technogenic layer rich in charcoal fragments on top of the natural, buried soil. Although there are some limitations regarding the comparability of RCH soils and biochar-amended agricultural soils, RCHs have been used as proxy sites for studying the long-term effects of biochar incorporation in soils (Hernandez-Soriano et al., 2015; Hardy et al., 2016) . The architecture and properties of soils in RCHs have been examined in a number of studies, mainly focusing on soil organic carbon contents and dynamics and other chemical properties (e.g., Hirsch et al., 2017 Hirsch et al., , 2018 Borchard et al., 2014; Mastrolonardo et al., 2018) . Recent studies suggest a higher accumulation of soil organic matter (SOM) in RCHs compared to native soils (Hardy et al., 2017; Mastrolonardo et al., 2018) . Contrasting results were obtained in studies on the effects of RCH soils on plant germination and growth (Mikan and Abrams, 1995; Carrari et al., 2018; Borchard et al., 2014) . However, the soil properties and mechanisms governing these effects are not yet clear. One aspect that may be relevant but that has received little attention so far, both in studies dealing with biochar effects and in RCH studies, is the modification of soil thermal properties and the soil temperature regime resulting from charcoal addition.
The temperature regime of soils is an important component of ecological site conditions and can affect plant growth, especially germination, early growth and root growth (Unger, 1978; Kaspar and Bland, 1992) , soil microbial activity and the decomposition and mineralization of SOM (Davidson and Janssens, 2006; Melillo et al., 2002; Conant et al., 2011) . In addition to external factors such as solar radiation, slope, exposition, and characteristics of the soil surface that affect the albedo, the soil temperature is governed by the internal thermal properties of the substrate, i.e., the soil thermal conductivity and heat capacity, which together define the soil thermal diffusivity. The soil thermal conductivity and heat capacity are determined by the composition and structure of the solid, liquid and gaseous phases in the soil and are therefore largely dependent on soil porosity and the soil air and water contents (e.g., de Vries, 1963; Ochsner et al., 2001; Usowicz et al., 2006) . The composition of the solid phase affects the soil thermal regime by the specific thermal properties of the mineral and organic components and by indirect effects through differing porosities and water retention characteristics (Abu-Hamdeh and Reeder, 2000; Markert et al., 2017) . Correspondingly, the addition of charcoal to soils can affect the soil thermal properties through several factors including the specific thermal properties of the charcoal particles themselves, changes to the soil porous system related to the porosity between charcoal and other particles and the internal porosity of the charcoal fragments, and secondary effects on the soil structure or organic matter dynamics.
In relation to the extensive research of the biochar effects on soil structure, very few studies have addressed the thermal properties and temperature regime of biochar-enriched soils, although effects from charcoal addition can reasonably be expected considering the high porosity and therefore low thermal conductivity of charcoal particles. Generally, previous studies indicate an attenuation of soil temperature extremes and a reduction in the amount of heat transferred through the soil profile as consequences of biochar application (Blanco-Canqui, 2017) . For pure biochar samples, Liu et al. (2018) , Usowicz et al. (2016) and Zhao et al. (2016) determined relatively low thermal conductivities (0.135 W m -1 K -1 and lower) and very high (air-filled) porosities for the samples. Laboratory studies on the thermal properties of biochar-enriched soil horizons found reduced thermal conductivity and heat capacity (Liu et al., 2018; Zhao et al., 2016; Zhang et al., 2013; Usowicz et al., 2016) . For example, Liu et al. (2018) de-termined a thermal conductivity of 0.23 W m -1 K -1 (under dry conditions) for clay soil samples with a 2.5% biochar content but a conductivity of 0.31 W m -1 K -1 in the same soil without biochar addition. Liu et al. (2018) further examined the mechanisms governing the effects of biochar addition to this soil in laboratory and field experiments and identified negative effects (related to increased porosity) and positive effects (related to increased soil water retention and therefore higher water contents under field conditions) on soil thermal conductivity and capacity.
In attempts to characterize the temperature regime of charcoal-enriched soils under field conditions, differences have been observed in diurnal and seasonal temperature fluctuations within the soil horizons containing charcoal. Zhang et al. (2013) found a moderated temperature regime, i.e., reduced diurnal and seasonal variations, at a depth of 5 cm during a monitoring period of 1 yr for a biochar-enriched agricultural sandy loam soil. Usowicz et al. (2016) recorded soil temperature at a depth of 2 cm over a period of 22 summer days and found decreased daily soil temperature amplitudes for grasslands where biochar was added to the soil surface but increased amplitudes for fallow plots where biochar was incorporated into the top decimeters of the soil. Ventura et al. (2012) did not observe temperature differences between biochar-amended and control plots at a depth of 7.5 cm but found higher soil surface temperatures, probably related to a modified albedo, in biochar-amended plots. The biochar application rates in these studies ranged between 9 Mg ha -1 (Zhang et al., 2013) and 30 Mg ha -1 (Usowicz et al., 2016) . The focus of all these previous studies is limited to the uppermost centimeters of the soil profiles and the biochar-enriched horizons, while effects on deeper parts of the profiles were not evaluated. The surface soil temperature of young, recently abandoned charcoal hearth sites was found to be higher than that of reference soils (Oguntunde et al., 2008) , and this difference can be related to the dark color and lower albedo of the charcoal-bearing substrate. Garcia-Barreda et al. (2017) observed a higher daily soil temperature amplitude at a depth of 10 cm in RCH soils compared with reference forest soils and related this difference to lower albedo and potentially enhanced air circulation in the RCH substrate. However, the results of longer-term soil temperature monitoring for deeper parts of RCH soil profiles have not been described thus far.
The objectives of our study were to characterize differences in the soil temperature regime between RCH soils and reference forest soils at different profile depths and to examine whether potential differences can be attributed to the effects of charcoal on soil thermal conductivity. The hypothesis of the study was that the low thermal conductivity of the technogenic RCH layer results in reduced temperature fluctuations in the RCH soil profile compared with the reference soil. We present the results of soil temperature monitoring in several horizons of a soil profile in an RCH soil in comparison to a reference forest soil over a monitoring period of 1 yr, supplemented by a laboratory characterization of the thermal conductivity values of the RCH and reference topsoil horizons.
MATerIALs AND MeTHODs
The study site is situated in the forest area of Tauersche Forst, north of Cottbus, in the northeastern German lowlands (Fig. 1a ). The morphology of the area was shaped by glacial and periglacial processes during the Saalian and Weichselian glaciations and has a flat topography, with elevations of approximately 70 m a.s.l. The soils are developed in sandy parent material of glaciofluvial origin and are characterized by brunification and podsolization as the main pedogenic processes (Lippstreu et al., 2003; Bauriegel et al., 2015) . The climate is continental, with a mean annual temperature of 8.9°C and a mean annual precipitation of 549 mm, based on data from the Peitz climate station (Potsdam-Institut für Klimafolgenforschung, 2009 ). During the monitoring period of this study (May 2017 to April 2018), the closest German Weather Service (DWD) climate stations Cottbus (23 km southwest) and Coschen (16 km northeast) recorded precipitation values of 602.7 and 666.1 mm and mean air temperatures of 10.4 and 9.9°C, respectively (Climate Data Center, 2018a, 2018b). The daily mean air temperatures measured at the German Weather Service stations ( Fig. 2a ) were approximately 10°C during the first days of monitoring in early May 2017, followed by a rapid warming in the middle of May, and the highest daily mean temperatures of approximately 25°C during the monitoring period were observed in July. The first months of the winter (November 2017 to January 2018) were relatively warm, followed by a cold period in February and March 2018, with the lowest daily air temperatures of approximately -10°C and a rapid warming toward the end of the monitoring period in April 2018. In the study area, a high density of RCHs has been documented by mapping based on high-resolution digital elevation models (Raab et al., 2019) . The RCH 29239 (18.5 m diameter) described in this study ( Fig. 1a-b) is situated approximately 200 m northeast of Lake Kleinsee and is covered by mixed forest, dominated by sessile oak (Quercus petraea Liebl.) and pine (Pinus sylvestris L.). Dendrochronological dating of charcoal chunks from the technogenic RCH layer showed a felling date of trees used for carbonization between 1729 and 1736 AD (by K.-U. Heußner, DAI Berlin, codes C87058 to C87068).
Soil profiles (Fig. 1c) were excavated on the hearth platform and approximately 8 m from the platform and ditch. The tree and underbrush cover were similar at the locations of both profiles. The soils were described according to the German Guidelines for Soil Mapping (Boden, 2005) and classified according to the World Reference Base for Soil Resources (IUSS Working Group WRB, 2014) and the Guidelines for Soil Description (FAO, 2006) . Soil temperature was monitored in the profiles with Tensiomark sensors (4244/1, range pF0-pF7) and pF-Meters (both EcoTechUmwelt-Meßsysteme GmbH, Bonn, Germany), which are primarily applied for measuring the matric potential of the soil, but they also provide temperature data with a resolution of 0.1°C. The sensors were installed vertically into the profile walls at three depths (15, 36, and 80 cm below the surface) in each profile, with two sensors installed in each instrumented horizon. In addition, sensors for the measurement of volumetric soil water content (SM150T, Delta-T Devices, London, UK; soil moisture measurement accuracy 3%) were installed at the same depths. The soil horizons monitored by the sensors are the A, B and C horizons for the reference forest soil profile and the technogenic layer and the buried A horizon and the buried B horizon for the RCH profile. After sensor installation, the soil pits were filled with the original soil material. The sensors were installed in April 2017, the soil temperature was recorded every 15 min, and the measured data were analyzed over a time span of 1 yr, from May 2017 to April 2018.
Statistical analysis of the temperature monitoring data was performed in R (version 3.5.1; R Core Team, 2018). The differences between daily temperature values of the hearth platform compared with the reference profile were investigated for each month of the monitoring period with a paired t test if the normal distribution of the differences could be confirmed with the Shapiro-Wilk test. To account for the temporal autocorrelation of the temperature data, the test statistic was modified following the suggestions by Zwiers and von Storch (1995) , computing the effective sample size using the R package coda (Plummer et al., 2006) .
Undisturbed soil samples were taken from positions close to the instrumented profile walls of the hearth platform and reference profiles for laboratory analyses of bulk density and thermal conductivity (Fig. 1c ). Samples were taken with plastic cylinders with a volume of 425 cm 3 (inner diameter: 10.4 cm, height: 5 cm) at depths of +3 to 2 cm (organic horizons and Ah horizons, The bulk densities of the undisturbed samples were determined after the samples were dried at 105°C for 24 h. To determine the composition of the sample coarse fraction (>2 mm), coarse charcoal fragments, other coarse organic components (roots, litter, sclerotia) and stones were separated manually after sieving. The SOM content of the fine fraction (<2 mm) was determined by loss on ignition (LOI) at 550°C.
Thermal conductivity l (W m -1 K -1 ) was measured in the laboratory using a heat transfer analyzer (ISOMET 2104; Applied Precision Ltd., Bratislava, Slovakia), with the needle sensor inserted laterally in the central part of the sample. Thermal conductivity was determined for different water contents by gradual drying of the originally saturated samples at room temperature (20°C).
resULTs AND DIsCUssION soil profile Description and properties
Except for the technogenic deposits that were present at the RCH, the studied soil profiles are similar in terms of their stratigraphy. The soil texture is dominated by medium sand (0.2-0.63 mm) throughout the profiles. The undisturbed forest soil is a Brunic Arenosol (Protospodic) with incipient podzolic eluviation in the topmost few centimeters of the topsoil. The thickness of the organic horizons was approximately 7 cm in the reference profile, and the thickness of the organo-mineral topsoil (Ah) was approximately 13 cm. Fine charcoal fragments (most likely derived from mechanical or aeolian translocation of charcoal during hearth operation and harvesting or by rummaging animals) were found in the topsoil of the reference profile. In the RCH profile, organic horizons with a total thickness of approximately 5 cm are developed above the technogenic deposit remaining from the charcoal hearth. The soil in the RCH is classified as a Spolic Technosol overlaying a Brunic Arenosol. The remains of the hearth operation form a 28-cm thick dark gray, relatively loose sediment layer rich in charcoal fragments (referred to as the "RCH layer" hereafter). The buried topsoil horizon of the RCH profile has a similar thick-ness, color and grain size distribution to the topsoil horizon of the reference soil profile. The uppermost centimeters of the buried topsoil, similar to the topsoils of the reference profile, show signs of podzolic eluviation.
The bulk densities determined from the undisturbed samples are very low in the RCH layer and are slightly higher in the RCH buried topsoil than in the reference profile topsoil (Table 1) . Coarse charcoal contents of approximately 3 to 4% were determined for the RCH layer samples, and the LOI value for the RCH layer fine fraction was approximately 50% higher than that of the reference profile Ah horizon, reflecting the addition of fine pyrogenic organic matter. Similar or even larger differences in the carbon content of the <2-mm soil fraction have been found between RCH and reference topsoils at other sites in the area and in other charcoal production areas (Hirsch et al., 2017; Hardy et al., 2017) . In contrast, the LOI value in the RCH buried Ah horizon is lower than that in the reference A horizon, probably indicating heat-induced in situ combustion during hearth operation together with a reduced input of organic matter after burial of the horizon. The volumetric soil moisture contents determined by sensors at depths of 15 and 36 cm were higher in the RCH profile, with yearly means of 22 and 13% in the technogenic layer and buried Ah horizon, respectively, compared with the reference profile, where the yearly means were 15 and 10% in the Ah and Bw horizons, respectively. The water contents at the locations of the soil moisture sensors might differ from those near the temperature sensors because of the relatively strong preferential flow observed for the profiles . However, the Tensiomark sensors also show a lower matric potential, thus indicating wetter conditions in the RCH technogenic layer, with a yearly mean value of pF 1.75, compared with a mean matric potential of pF 1.97 in the reference Ah horizon. The results of soil temperature monitoring over a 1-yr period clearly show characteristic daily and seasonal variations in all profiles ( Fig. 2b) , with reduced amplitudes in the lower parts of the profiles and a time lag in the response of soil temperature to air temperature changes that increases with depth (Fig. 3) . The recorded soil temperatures (Fig. 2b) were mainly lower than the air temperatures and decreased with profile depth in the spring and summer months of the monitoring period. This trend reversed as the air temperature decreased in September, and soil temperatures increased with profile depth over the majority of the late autumn and winter of the monitoring period. The overall soil temperature regime for both profiles is mesic, with a mean annual temperature of 9.5°C. In addition to these general observations, clear differences between the instrumented profiles are observable in the temperature curves (Fig. 2b-c) . While soil temperatures for the reference and the RCH soils are similar in the beginning of the monitoring period, the increasing air temperature results in a more rapid warming of the uppermost instrumented profile area (15 cm depth) in the RCH soil than in the reference soil, while the soil temperature in the deeper part of the profile (80 cm depth) was lower in the RCH soil than in the reference soil. In the colder months of the monitoring period (November 2017 to March 2018), this trend reversed along with the overall inversion of the soil temperature profile such that the soil temperature was lower in the upper part but higher in the lower part of the RCH soil profile compared with the reference profile. At an intermediate depth (36 cm), only small differences in soil temperature were observed, with lower temperatures in the RCH soil in the warmest months and higher temperatures in the coldest months of the measurement period. The greatest differences in the monthly mean temperature ( Fig. 2c; Table 2 ) were observed in May and November/December, when the stronger warming and cooling of the RCH layer resulted in temperature differences of +0.8 and -0.6°C, respectively, com-pared with the reference Ah horizon. During the vegetation period (April-September), the RCH soil was, in the mean, 0.4°C warmer than the reference soil in a depth of 15 cm. Compared Fig. 3. soil temperatures (recorded at 15-min with the reference soil, the overall amplitude of the soil temperatures in the RCH profile during the monitoring period was higher in the RCH layer but clearly lower at a depth of 80 cm (Fig. 4) .
Table 1. Contents of coarse fraction components and soil organic matter (sOM) evaluated by loss on ignition and bulk density determined from undisturbed soil samples in the relict charcoal hearth (rCH) and reference profile.
Both the lowest (-4.2°C) and highest (20.9°C) soil temperatures recorded during the measurement period occurred at a 15-cm depth within the RCH layer. The maximum differences in daily temperatures between the RCH profile and the reference profile occurred in May 2017, when the RCH soil was 1.4°C warmer, and in March 2018, when the RCH soil was 1.4°C colder at a 15-cm depth. The maximum temperature differences at an 80-cm depth were +0.7°C in February 2018 and -0.5°C in July 2017 in the RCH soil compared with the reference soil. Differences in the monthly mean temperatures were generally <1°C (Fig. 2c) , and no differences between the RCH and reference soils were observed for the overall yearly mean temperature. Generally, the range of soil temperatures within the profile was higher for the RCH soil over most parts of the monitoring period, with temperature gradients of up to 7°C between 15 and 80 cm for the RCH profile but up to only 5°C for the reference soil.
The diurnal temperature variations (shown for a warming phase and a cooling phase in Fig. 3 ) reflect that daily maximum temperatures are reached relatively late in the day for the uppermost instrumented soil horizon at a 15-cm depth and with a further time lag of approximately 8 h at a depth of 36 cm. The temperature curves also reflect differences in the time lag in the response of the soil temperatures to air temperature changes between the profiles, with slower responses for the RCH profile than for the reference soil profile.
Thermal Conductivity Measurements
In the laboratory measurements, differences in thermal conductivity between the undisturbed soil samples taken from the sites were observed for the complete range of water contents, from dry to saturated conditions (Fig. 5) . The variation be-tween the two replicates from each horizon is high for the surface samples, including the organic horizons (RCH 1/1, RCH 1/3, Ref 1/2, Ref 1/3), most likely related to the heterogeneous distribution and composition of plant residues in the organic horizons. The variation between the two replicates is lower for samples from the mineral soil horizons. The thermal conductivity was lowest under dry conditions, with values of 0.1 and 0.18 W m -1 K -1 for the two RCH samples and 0.13 and 0.22 W m -1 K -1 for the two reference samples including the organic horizons. Low conductivity values under dry conditions (0.17 and 0.16 W m -1 K -1 ) were also determined for the two samples in the technogenic layer of the RCH profile (RCH 2/2, RCH 2/3). The conductivity in the Ah horizon of the reference profile ranges from 0.19 to 0.26 W m -1 K -1 under dry conditions, and the values in the RCH buried Ah horizon are within the same range (0.23 and 0.22 W m -1 K -1 ). For the Bw horizon samples of the reference profile, l is higher for dry conditions (0.28 and 0.32 W m -1 K -1 ) and increases rapidly with increasing water content ( Fig. 5 ), in accordance with the characteristic relations of thermal conductivity and water content for sandy soils (e.g., Bachmann, 2014) . With increasing water content, the thermal conductivity increased to a greater degree in the RCH buried Ah horizon than in the reference Ah horizon.
The results show a clear relationship among thermal conductivity, bulk density and SOM content (Table 1) . Thermal conductivities were highest in the relatively dense mineral substrate of the reference Bw horizon. The higher conductivities in the RCH buried Ah horizon than in the reference Ah horizon are consistent with the former's higher bulk density and lower LOI. Similarly, the low conductivities in the RCH layer are consistent with its low bulk density and high (pyrogenic) organic matter content in both the coarse and fine fractions (Table 1 ). In the near-surface samples including the organic horizons, the thermal conductivity was lower for sample RCH 1/1 with a bulk density of 0.96 g cm -3 than in the reference sample Ref 1/3 with a bulk density of 0.89 g cm -3 , which might be related to the presence of coarse charcoal fragments or a lower content of gravel (>2 mm) in the RCH sample. A comparison of the results for the reference forest soil Ah horizon and the RCH layer indicates a thermal conductivity reduction of approximately 25% related to the addition of charcoal, which is similar to the effect observed by Liu et al. (2018) for field experiment soil samples with 2.5% added biochar. Other studies on biochar-amended soils mainly observed a lower reduction in thermal conductivity (Usowicz et al., 2016; Zhang et al., 2013; Zhao et al., 2016) , presumably related to the lower biochar application rates. Liu et al. (2018) attributed this effect to the indirect influences of added biochar on soil structure, i.e., mainly the reduction in bulk density. This conclusion is supported by the similar thermal conductivities observed in disturbed samples with differing biochar contents but equal bulk densities. The thermal conductivity measured in the RCH samples in our study was higher than the values determined by Liu et al. (2018) and Usowicz et al. (2016) for biochar-amended soils, especially at higher soil water con- tents, which is most likely related to the differences in texture and mineralogy between our sandy soils and the silty and clayey soils of the previous studies. Generally, effects on soil thermal conductivity can be expected to be stronger for RCH soils than for biochar-enriched soils because of the characteristically higher charcoal contents in the RCH substrate.
Thermal property effects on the rCH Temperature regime
The soil temperature gradients between the instrumented depths can be explained by the differences in soil thermal conductivity (as well as soil bulk density and organic matter content) found in the laboratory measurements for both profiles. In the RCH profile, the 28-cm thick RCH layer with relatively low thermal conductivity results in high temperature gradients from a 15cm depth to a 36-cm depth, and the high gradients from a 36-cm depth to an 80-cm depth can be explained by the relatively low thermal conductivity of the buried Ah horizon. The fact that daily maximum temperatures within the RCH layer are reached during later hours of the day than those within the Ah horizon of the reference profile further reflects the lower thermal conductivity and diffusivity of the RCH layer. Differences in the thermal conductivity of soil horizons under field conditions are often related to differences in water contents, with lower water contents and therefore higher air-filled porosity causing a lower thermal conductivity. However, higher soil water contents at depths of 15 and 36 cm were observed in the RCH profile at our study site for most of the monitoring period, so it can be assumed that lower thermal conductivity is not related to the water contents but rather to the higher overall porosity of the RCH substrate.
The observation of reduced temperature amplitudes in the RCH profile, related to the lower thermal conductivities of the charcoal-enriched substrate, is consistent with the results of previous studies on thermal properties and soil temperature in charcoal-enriched soils (Blanco-Canqui, 2017) . However, in addi-tion to reduced temperature amplitudes with increasing depth in the soil profile, the temperature regime of the studied RCH soil profile is also prominently characterized by considerably higher daily and seasonal temperature amplitudes within the RCH layer than within the reference topsoil. This effect has not been described in previous studies. Because the profiles examined in our study are covered by relatively dense forest underbrush and because organic soil horizons with similar characteristics are developed in the uppermost centimeters of both profiles, differences are not likely to be caused by the effects of a modified albedo due to the addition of charcoal to the soil, as described in other studies (Zhang et al., 2013; Usowicz et al., 2016; Oguntunde et al., 2008) . The higher temperature amplitudes might be related to reduced heat transport within the soil profile; however, it needs to be considered that even the uppermost temperature measurements in our study were performed at a relatively large depth. Larger temperature variations in the RCH layer than in the reference soil Ah horizon might also be related to a lower thermal capacity of the substrate, which is associated with its higher porosity. A lower heat capacity of biochar-amended soil, along with lower bulk density and thus higher air contents, was indicated by the experiments of Liu et al. (2018) for soil water contents of up to 30%. However, in our study, the water contents in the RCH layer were higher than in the reference topsoil, so that the high heat capacity of water might counteract this effect under the field conditions in our study site. As assumed by Garcia-Barreda et al. (2017) , enhanced air circulation in the RCH substrate, which is not captured in measurements of air and water contents, might contribute to higher temperature fluctuations in the near-surface layer.
CONCLUsIONs
The results of soil temperature monitoring for profiles in an RCH soil with a charcoal-rich technogenic layer and a reference forest soil showed clear differences in the daily and seasonal tem- perature variations in these soils, with increased temperature amplitudes within the technogenic RCH layer but decreased amplitudes in deeper parts of the RCH soil profile. The high daily and annual fluctuations in soil temperatures in the RCH layer indicate that the commonly observed moderation of soil temperature is not the only potential effect of the thermal property modification induced by the incorporation of charcoal into soils. The moderated temperature regime found in deeper parts of the RCH soil, compared with the reference forest soil, shows that the effects of charcoal addition to soil are not limited to the charcoal-enriched horizons themselves, but they can propagate to a considerable depth in the soil profile. The characteristic temperature regime of RCHs and charcoal-enriched soils generally can affect several biogeochemical processes and might be one reason for differences in plant growth and soil carbon dynamics found in such soils.
